Progesterone or its analog, one of components of hormone replacement therapy, may attenuate the cardioprotective effects of estrogen. However, the underlying mechanisms have not been fully elucidated. Expression of CD36, a receptor for oxidized LDL (oxLDL) that enhances macrophage/foam cell formation, is activated by the transcription factor peroxisome proliferator-activated receptor ␥ (PPAR␥). CD36 also functions as a fatty acid transporter to influence fatty acid metabolism and the pathophysiological status of several diseases. In this study, we determined that progesterone induced macrophage CD36 expression, which is related to progesterone receptor (PR) activity. Progesterone enhanced cellular oxLDL uptake in a CD36dependent manner. Mechanistically, progesterone increased PPAR␥ expression and PPAR␥ promoter activity in a PRdependent manner and the binding of PR with the progesterone response element in the PPAR␥ promoter. Specific deletion of macrophage PPAR␥ (MPPAR␥ KO) expression in mice abolished progesterone-induced macrophage CD36 expression and cellular oxLDL accumulation. We also determined that, associated with gestation and increased serum progesterone levels, CD36 and PPAR␥ expression in mouse adipose tissue, skeletal muscle, and peritoneal macrophages were substantially activated. Taken together, our study demonstrates that progesterone can play dual pathophysiological roles by activating PPAR␥ expression, in which progesterone increases macrophage CD36 expression and oxLDL accumulation, a negative effect on atherosclerosis, and enhances the PPAR␥-CD36 pathway in adipose tissue and skeletal muscle, a protective effect on pregnancy.
Hormone replacement therapy (HRT, 4 estrogen plus progestin) is applied to postmenopausal women to alleviate or/and prevent common complications of female menopause. The initial use of estrogen alone as estrogen replacement therapy for postmenopausal women was reported to cause irregular bleeding and increase the risk of endometrial hyperplasia and carcinoma (1, 2) . Later studies demonstrated that addition of a synthetic progesterone (for example, progestogen or progestin, which can demonstrate progestational effects similar to progesterone), can reduce the risk of estrogen-induced bleeding, endometrial hyperplasia, and carcinoma (3) . Progesterone is a steroid hormone predominantly produced by the corpus luteum after ovulation and exerts its primary action by activating progesterone receptor (PR) (4) .
Compared with men at matched ages before menopause, women have much lower rates of cardiovascular disease, which can be attributed to endogenous estrogen production. Indeed, studies with animal models have confirmed the cardioprotective effects of estrogen. For example, treatment of ovariectomized rabbits or monkeys with estrogen reduces high-fat diet-induced atherosclerosis (5) (6) (7) . However, both clinical observations and animal studies have demonstrated that addition of progestin in HRT attenuated the inhibitory effects of estrogen on atherosclerosis. Compared with placebo, HRT even increased cardiovascular events, which resulted in earlier termination of HRT clinical trials (8 -11) . In postmenopausal women with established coronary atherosclerosis, estrogen replacement therapy had little effect on progression of the disease, which suggests the importance of the timing of estrogen intervention in the reduction of atherosclerosis (12, 13) .
CD36, an 88-kDa membrane glycoprotein, was first identified as the receptor for uptake of oxidized LDL (oxLDL) by monocytes/macrophages (14, 15) . The binding and internalization of oxLDL by macrophage CD36 facilitates the formation of macrophage/foam cells, the prominent part of atherosclerotic lesions. In addition, the interaction between macrophages and oxLDL can trigger both proinflammatory and proatherogenic signaling responses, which further demonstrates that macro-phage CD36 can play an important role in the development of atherosclerosis (16 -18) . Expression of CD36 can also be found in other cell type/tissues, such as platelets, cardiac myocytes, adipose tissue, and skeletal muscle, where CD36 mainly functions as a fatty acid transporter, thereby demonstrating different pathophysiological roles in energy storage/mobilization, inflammation, and insulin resistance. For instance, lack of CD36 expression impairs fatty acid uptake and adaptive fuel flexibility in mouse heart and skeletal muscle (19) . In humans, either overexpression or deficiency of CD36 are associated with metabolic abnormalities in patients with metabolic syndrome, diabetes, and nonalcoholic fatty liver disease (20 -23) .
CD36 expression is transcriptionally regulated by peroxisome proliferator-activated receptor ␥ (PPAR␥), a ligand-activated nuclear receptor, because there is a PPAR␥-responsive element (PPRE) in the proximal region of the CD36 promoter (24) . Thus, both natural and synthetic PPAR␥ ligands, such as prostaglandin J2 (PGJ2) and thiazolidinediones (a class of medicine-enhancing insulin sensitivity for type 2 diabetes treatment), can increase CD36 expression. Regulation of CD36 expression by some cytokines is also related to PPAR␥ activity (25) (26) (27) .
Although the addition of progesterone in HRT may attenuate the cardioprotective effects of estrogen, the underlying molecular mechanisms have not been fully understood. In this study, we initially determined whether progesterone would activate macrophage CD36 expression/oxLDL accumulation and the involved mechanisms. Because of high progesterone production during pregnancy, we then determined changes of CD36 and PPAR␥ expression in skeletal muscle, adipose tissue, and peritoneal macrophages in pregnant mice, which may suggest the physiological relevance of PPAR␥-CD36-mediated fatty acid metabolism for gestation.
Results

Progesterone Induces Macrophage CD36 Expression and
Enhances Cellular oxLDL Accumulation-Compared with men, women have much lower rates of coronary heart disease before menopause, which is partially attributed to the cardioprotection of endogenous estrogen production. Estrogen has been reported to inhibit HIV proteases inhibitor-induced macrophage CD36 expression in an estrogen receptor ␣-dependent manner (28) . Macrophage CD36 functions as an oxLDL receptor to facilitate cellular oxLDL accumulation and macrophage/foam cell formation. To determine whether progesterone is able to attenuate estrogen-inhibited CD36 expression, peritoneal macrophages isolated from female C57BL/6 wildtype mice were treated with estradiol in the absence or presence of progesterone, followed by determination of CD36 expression. Similarly, we determined that estrogen reduced CD36 expression ( Fig. 1A ; in general, one and two bands of CD36 protein were determined in peritoneal macrophages/animal tissues and in macrophage cell lines, respectively, by Western blotting). However, the inhibitory effect of estrogen on CD36 expression was attenuated by progesterone, which indicates that progesterone may play a role in the regulation of macrophage CD36 expression and cellular oxLDL accumulation.
To define it, we treated J774 cells, a murine macrophage cell line originally derived from a female mouse, and peritoneal macrophages, which were isolated from female C57BL/6 wildtype mice, with progesterone at different concentrations overnight. The results in Fig. 1, B and D, indicate that progesterone induced CD36 expression in a concentration-dependent manner. The time course study ( Fig. 1 , C and E) demonstrates that the induction occurred quickly, with maximum induction at 4 and 8 h after progesterone treatment in J774 cells and peritoneal macrophages, respectively. The time-dependent induction of CD36 protein expression by progesterone was also confirmed by immunofluorescent staining analysis in peritoneal macrophages ( Fig. 1F ).
CD36 is a cellular membrane protein and functions as the receptor for cellular oxLDL uptake (18) . Associated with increased cellular CD36 protein expression, we determined by FACS assay that progesterone increased cell surface CD36 protein levels ( Fig. 2A ), which implies that progesterone treatment may enhance cellular oxLDL accumulation and foam cell formation. To determine this, after progesterone treatment, macrophages were assessed for cellular oxLDL uptake by Oil Red O staining. The results in Fig. 2B , top panels, indicate that progesterone substantially increased oxLDL accumulation. In the presence of anti-CD36 antibody, cellular oxLDL accumulation was abolished (Fig. 2B, bottom panels) . Therefore, the induction of cellular oxLDL accumulation by progesterone mainly depends on CD36 expression.
Progesterone Activates CD36 Transcription by Inducing PPAR␥ Expression-To determine whether macrophage CD36 expression can be correlated to PR activity, we initially treated J774 and RAW cells, two murine macrophage cell lines derived from a female mouse and a male mouse, respectively, with progesterone. In contrast to J774 cells, progesterone slightly reduced CD36 expression in RAW cells (Fig. 3A, top panel) . Furthermore, we treated J774 macrophages with progesterone at different concentrations in the absence or presence of mifepristone, a potent PR antagonist. Although mifepristone alone had little effect on CD36 expression, it totally blocked progesterone-induced CD36 expression in J774 cells (Fig. 3A , bottom panel). Taken together, the above results suggest that induction of macrophage CD36 expression by progesterone is dependent on activation of PR or PR-targeted gene expression, which is able to control CD36 expression.
To define the mechanisms by which progesterone induces CD36 expression, we initially determined macrophage CD36 mRNA expression in response to progesterone treatment. The results in both concentration and time course studies demonstrate that progesterone increased CD36 mRNA levels ( Fig. 3B ). In addition, similar to the effect on CD36 protein expression, mifepristone also inhibited progesterone-induced CD36 mRNA expression ( Fig. 3C ). Thus, these results imply that progesterone may activate CD36 transcription.
CD36 expression is transcriptionally activated by PPAR␥ because of the existence of a PPRE in the proximal region of the CD36 promoter (24) . To determine whether PPAR␥ is involved in progesterone-induced CD36 expression, we initially treated macrophages with progesterone, rosiglitazone (a synthetic PPAR␥ ligand), or both. The results in Fig. 3D demonstrate that either progesterone or rosiglitazone alone induced CD36 expression, whereas co-treatment induced CD36 expression in a synergistic manner, which indicates an interaction between PPAR␥ and progesterone to regulate CD36 expression. We then constructed a promoter containing a tandem of three copies of the PPRE in the CD36 promoter into the pGL-TK-Luc vector and determined the effect of progesterone, rosiglitazone, or their co-treatment on the activity of this promoter (pGL-3xPPRE-TK-Luc). Similar to protein level, we determined that, although progesterone alone moderately activated PPRE-luciferase, it synergized rosiglitazone-activated PPRE motif activity. These findings suggest that activation of CD36 transcription by progesterone requires activation of PPAR␥.
Interestingly, a previous study has demonstrated that PPAR␥ is a PR-targeted gene in granulosa cells of the preovulatory follicles during the ovulatory process. To define the role of PPAR␥ in progesterone-induced CD36 transcription, we determined whether progesterone can influence PPAR␥ expression. The results in Fig. 4A show that progesterone increased PPAR␥ protein expression in dose-and time-dependent manners. Furthermore, we determined that progesterone induced PPAR␥ mRNA expression ( Fig. 4B ), suggesting that progesterone induces PPAR␥ expression at the transcriptional level.
By completing a sequence alignment analysis, we found a putative progesterone response element (PRE) in the proximal region of the PPAR␥ promoter (from ϩ36 to ϩ50, AGAGCA-tggTGCCTT). The sequence of the conserved PRE motif is RGNACAnrnTGTNCY (R/r ϭ G/A, Y ϭ T/G), which is composed of hexameric half-sites separated by precisely three nucleotides exhibiting dyad symmetry (29) . To determine the effect of progesterone on PPAR␥ transcription, we constructed a natural PPAR␥ promoter (pPPAR␥) and a PPAR␥ promoter FIGURE 1. Progesterone induces macrophage CD36 protein expression. A, peritoneal macrophages were isolated from female C57BL/6 mice and treated with estradiol at the indicated concentrations or plus 100 nM progesterone overnight. a, p Ͻ 0.05; b, p Ͻ 0.01 versus control in the corresponding groups; ns, not significantly different (n ϭ 3); ctrl, control. B-E, J774 cells at ϳ95% confluence or peritoneal macrophages isolated from female C57BL/6 mice in serum-free medium were treated with progesterone at the indicated concentrations overnight (B and D) or with 50 nM progesterone for the indicated times (C and E). After treatment, cellular proteins were extracted and used to determine CD36 expression by Western blotting. All bands in the Western blots were scanned, and the density of the target band normalized by GAPDH was calculated with statistical analysis. a, p Ͻ 0.05; b, p Ͻ 0.01 versus control in the corresponding groups (n ϭ 3). F, peritoneal macrophages isolated from female C57BL/6 mice were treated with 50 nM progesterone for the indicated times, followed by determination of CD36 protein expression in intact cells by immunofluorescent staining. Neg Control, negative control. Cells were added with normal rabbit IgG.
with PRE mutation (pPPAR␥-PREmut) and then determined the activity of these two promoters in response to treatment. As shown in Fig. 4C , progesterone increased the natural PPAR␥ promoter activity (lane 2 versus lane 1), whereas it had little effect on the PPAR␥ promoter with PRE mutation (lane 6 versus lane 5). Because PPAR␥ transcription cannot be activated by itself, rosiglitazone had no effect on the activity of the natural or mutated PPAR␥ promoter ( Fig. 4C, lanes 3 and 7) or on progesterone-induced natural PPAR␥ promoter activity (Fig.  4C, lane 4) . These results demonstrate that the PRE plays an important role in the induction of PPAR␥ expression by progesterone. Furthermore, we determined increased interaction between the PRE and PR protein in response to progesterone treatment by a ChIP assay ( Fig. 4D) .
To further confirm that the induction of CD36 expression by progesterone is dependent on activation of PPAR␥ expression, we isolated peritoneal macrophages from specific macrophage PPAR␥ knockout (MPPAR␥ KO) mice and the corresponding controls (PPAR␥ fl/fl ), respectively, and treated cells with progesterone at different concentrations. As shown in Fig. 4E , lack of PPAR␥ expression reduced the basal level of CD36 protein, which demonstrates the importance of PPAR␥ in the activation of CD36 expression. More importantly, progesterone induced CD36 expression in macrophages isolated from PPAR␥ fl/fl mice, which was associated with induction of PPAR␥ expression ( Fig. 4E, left half) . In contrast, progesterone had little effect on CD36 expression in macrophages isolated from MPPAR␥ KO mice ( Fig. 4E, right half) . Similarly, the results of the time course study demonstrate that induction of CD36 expression by progesterone occurred in macrophages isolated from PPAR␥ fl/fl mice but not cells isolated from MPPAR␥ KO mice ( Fig. 4F ).
FIGURE 2. Progesterone increases macrophage surface CD36 protein levels and enhances cellular oxLDL accumulation in a CD36-dependent manner.
A, peritoneal macrophages isolated from female C57BL/6 mice were treated with 100 nM progesterone overnight. After washing with PBS, surface CD36 protein was determined by FACS assay. B, after treatment and incubation with normal IgG or anti-CD36 antibody, peritoneal macrophages were used to conduct Oil Red O staining for determination of cellular oxLDL uptake. The cells were also stained with hematoxylin solution. FIGURE 3. Progesterone activates CD36 transcription. A, J774 and RAW cells, two murine macrophage cell lines originally derived from a female and a male mouse, respectively, were treated with 25 nM progesterone overnight (top panel). J774 cells were treated with progesterone at the indicated concentrations in the absence or presence of 100 nM mifepristone, respectively, overnight (bottom panel). Expression of CD36 was determined by Western blotting. b and **, p Ͻ 0.01 versus control (ctrl) in the corresponding group; ns, not significantly different (n ϭ 3). B and C, peritoneal macrophages isolated from female C57BL/6 wild-type mice received the following treatment overnight: progesterone at the indicated concentrations overnight (B, left panel) or with 50 nM progesterone for the indicated times (B, right panel); progesterone (50 nM), mifepristone (100 nM), or both (C). After treatment, total cellular RNA was extracted and used to determine CD36 mRNA expression by realtime RT-PCR. *, p Ͻ 0.05 versus control in the corresponding group (n ϭ 3). D, peritoneal macrophages isolated from female C57BL/6 wild-type mice were treated with progesterone at the indicated concentrations in the absence or presence of rosiglitazone (Rosig, 10 M) overnight. CD36 protein expression was determined by Western blotting. b, p Ͻ 0.01 versus control (n ϭ 3). E, ϳ90% confluent J774 cells were transfected with the indicated TK promoters plus Renilla (as an internal control) for 4 h, followed by the indicated treatment overnight. Activity of firefly and Renilla luciferases (Luc) in the cellular lysate was determined using the Dual-Luciferase reporter assay system. *, p Ͻ 0.05 versus control (n ϭ 3). Pro, progesterone.
Next, we determined whether the induction of macrophage oxLDL accumulation by progesterone also relies on induction of PPAR␥ expression. We treated peritoneal macrophages isolated from PPAR␥ fl/fl mice and MPPAR␥ KO mice, respectively, with progesterone at different concentrations, followed by determination of cellular oxLDL accumulation by Oil Red O staining. Similar to cells isolated from wild-type mice (Fig. 2B) , progesterone increased cellular oxLDL accumulation in a CD36-dependent manner in cells isolated from PPAR␥ fl/fl mice (Fig. 4G, top half) . However, progesterone had little effect on cellular oxLDL uptake in cells isolated from MPPAR␥ KO mice (Fig. 4G, bottom half). Taken together, the results in Fig. 4 suggest that induction of macrophage CD36 expression and oxLDL accumulation by progesterone is mainly determined by induction of PPAR␥ expression.
Fatty acid binding protein 4 (FABP4) is another target molecule transcriptionally activated by PPAR␥ in macrophages (30) . We also determined by Western blotting and immunofluorescent staining whether progesterone treatment can induce FABP4 expression. Similar to CD36, progesterone increased macrophage FABP4 expression ( Fig. 5) . Therefore, there might be a common inductive effect of progesterone on the expression of PPAR␥ targeted genes. . C, J774 cells were transfected with DNA for pPPAR␥ or pPPAR␥-PREmut plus Renilla, followed by treatment with progesterone, rosiglitazone, or both overnight. Total cellular lysate was extracted and used to determine firefly and Renilla luciferase activity. *, p Ͻ 0.05 versus pPPAR␥ alone (lane 1, n ϭ 3). D, peritoneal macrophages isolated from female C57BL/6 wild-type mice were treated with 50 nM progesterone (Pro) overnight. Chromatin was then isolated from cells, followed by immunoprecipitation (IP) with normal IgG or anti-PR antibody as indicated. The PCR was conducted with the primers for the corresponding PRE in the PPAR␥ promoter. E and F, peritoneal macrophages were isolated from female PPAR␥ fl/fl mice and MacPPAR␥ KO mice, respectively. The cells were treated with progesterone at the indicated concentrations overnight (E) or with 50 nM progesterone for the indicated times (F). After treatment, cellular proteins were extracted and used to determine CD36 and PPAR␥ protein expression by Western blotting. a, p Ͻ 0.05; b, p Ͻ 0.01 versus control; ns, not significantly different (n ϭ 3). G, peritoneal macrophages isolated from female PPAR␥ fl/fl and MPPAR␥ KO mice were treated with progesterone at the indicated concentrations overnight. Cellular oxLDL accumulation was determined by Oil Red O staining.
Progesterone Induces CD36 and PPAR␥ Expression in Vivo-
To investigate whether progesterone can induce macrophage CD36 expression in vivo, female PPAR␥ fl/fl mice or MPPAR␥ KO mice were injected intraperitoneally with vehicle (corn oil) or progesterone solution for 4 consecutive days, followed by collection of peritoneal macrophages and adipose tissue. Similar to the results of the in vitro study (Fig. 4E) , progesterone increased CD36 expression in peritoneal macrophages collected from PPAR␥ fl/fl mice, whereas it had little effect on CD36 expression in cells collected from MPPAR␥ KO mice (Fig.  6A ). Therefore, progesterone induces CD36 expression in vivo in a PPAR␥-dependent manner as well. Because PPAR␥ expression is normal in adipose tissue of MPPAR␥ KO mice, we determined that treatment of animals with progesterone induced CD36 and FABP4 expression in adipose tissue of both PPAR␥ fl/fl mice and MPPAR␥ KO mice normally at similar degrees (Fig. 6B ). Correspondingly, we determined that progesterone activated PPAR␥ expression in both peritoneal macrophages and adipose tissue of PPAR␥ fl/fl mice (Fig. 6C) .
To investigate the nature of progesterone on induction of CD36 and PPAR␥ expression, we collected serum, adipose tissue, skeletal muscle, and peritoneal macrophages from female wild-type mice at different time points of pregnancy. Associated with increased serum progesterone levels during gestation (Fig. 6D) , expression of CD36 protein in adipose tissues (Fig.  6E ), skeletal muscle (Fig. 6F) , and peritoneal macrophages (Fig.  6G ) was substantially elevated. Similarly, expression of CD36 mRNA in adipose tissue, skeletal muscle, and peritoneal macrophages was increased (Fig. 6H ). In addition, we determined that PPAR␥ mRNA expression in the above tissue samples was increased during gestation ( Fig. 6I) . Taken together, the results in Figs. 6, D-I, demonstrate that expression of CD36 and PPAR␥ in different tissues of pregnant mice is activated, which may enhance fatty acid metabolism, a high requirement for gestation.
Discussion
Estrogen can reduce the risk of coronary heart disease, which might be attenuated by progestin, a synthetic progesterone that is included in HRT. Several negative effects of progesterone on cardioprotection of estrogen have been reported. In vitro, progesterone reduces the expression of extracellular superoxide dismutase and manganese superoxide dismutase induced by estrogen, whereas progesterone activates NADPH oxidase. Therefore, the presence of progesterone increases the production of reactive oxygen species in vascular smooth muscle cells (31) . Activation of angiotensin II type 1 receptor (AT1) has been implicated in the pathogenesis of cardiovascular disease. Estrogen inhibits AT1 expression and angiotensin II-induced reactive oxygen species production in vascular smooth muscle cells. However, these estrogen actions are substantially attenuated by progesterone (32) . The inhibitory effects of estrogen on serum LDL levels or LDL oxidation, expression of cell adhesion molecules, chemokines/cytokines, and C-reactive protein are also abolished by progesterone (33) . In this study, we determined that treatment of macrophages with progesterone induced CD36 expression ( Fig. 1) , a molecule facilitating foam cell formation. At the cellular level, we observed that progesterone increased macrophage oxLDL accumulation in a CD36depenednt manner (Fig. 2B ). Furthermore, we determined that induction of macrophage CD36 by progesterone is completed by activating PPAR␥ expression ( Fig. 4) . Therefore, our study demonstrates another negative effect of progesterone on the cardiovascular system.
Besides macrophages, CD36 is also expressed by other cell type/tissues where CD36 has different functions. Soluble CD36 is considered a novel marker of insulin resistance, and a high level of soluble CD36 level is associated with an increased risk of type 2 diabetes (34, 35) . Interestingly, a spontaneous CD36 deletion is also associated with insulin resistance, defective fatty acid metabolism, and hypertension in a spontaneously hyper- tensive rat model (36) , whereas the transgenic rescue of CD36 expression ameliorates insulin resistance and lowers serum fatty acid levels (37) . Similarly, lack of CD36 expression in humans can be linked to insulin resistance and abnormal fatty acid metabolism (38) . As a fatty acid transporter, particularly in adipose tissue and muscle, deficiency of CD36 expression leads to a defect in fatty acid uptake, which may contribute to insulin resistance (39) , and suggests that CD36 is metabolically protec- (n ϭ 3) . D-I, female C57BL/6 wild-type mice in estrus were mated with adult male C57BL/6 wild-type mice overnight and examined for the appearance of a vaginal plug the following morning, which was defined as P0. On P11 or P17, mice were sacrificed, followed by collection of blood, adipose tissue, skeletal muscle, and peritoneal macrophages. D, serum progesterone levels were determined using a progesterone ELISA kit. *, p Ͻ 0.05 versus control (n ϭ 5). E-I, adipose tissue, skeletal muscle, and peritoneal macrophages were used to extract total cellular proteins and total RNA for determination of CD36 protein expression (E-G) by Western blotting. *, p Ͻ 0.05; **, p Ͻ 0.01 versus control (n ϭ 3). CD36 mRNA (H) and PPAR␥ mRNA (I) expression was determined by real-time RT-PCR. *, p Ͻ 0.05; **, p Ͻ 0.01 versus control (n ϭ 5). tive in these tissues. We determined, for the first time, that CD36 expression in multiple tissues was substantially increased during pregnancy (Fig. 6, E-I) . Although it is important to maintain appropriate fatty acid metabolism in normal energy homeostasis, insulin sensitivity, and metabolic health, there is substantially increased fatty acid mobilization from adipocytes and fatty acid delivery to other tissues, particularly the skeletal muscle, for uptake and oxidation during pregnancy. In addition, it has been reported that expression of CD36 and scavenger receptor type A is required for fetal protection against microbial attack (40) . Thus, the high CD36 expression in multiple tissues during pregnancy suggests its physiological role.
In our study, we determined that progesterone induced CD36 expression by activating the PPAR␥ pathway ( Fig. 4) . High PPAR␥ expression in multiple tissues was also determined during pregnancy (Fig. 6I) . PPAR␥ plays an important role in different biological processes. Interestingly, the interaction between PPAR␥ and progesterone or PR has been determined in the reproductive system. In the ovary, activation of PPAR␥ can regulate steroidogenesis, including progesterone production or release, differentiation, and tissue remodeling (41, 42) . Meanwhile, it has been determined that PPAR␥ is a target of PR in the ovary and that ovarian PPAR␥ expression plays a critical role in ovulation (43) . Lack of PR expression results in impaired induction of PPAR␥ expression in the tissue in the context of superovulation. Meanwhile, conditional knockout PPAR␥ expression in the ovary results in failure of preovulatory follicles to rupture and decline of released eggs from ovaries under conditions of superovulation (43) . In our study, we determined that expression of PPAR␥ and CD36 in different tissues was simultaneously activated during pregnancy, which may imply a physiological importance of PPAR␥/ CD36-mediated lipid metabolism for reproduction.
Taken together, in this study, we determined the dual pathophysiological roles of progesterone. Progesterone activates macrophage CD36 expression and cellular oxLDL accumulation by activating the PPAR␥ pathway, which demonstrates one of the negative effects of progesterone on the cardiovascular system by inducing foam cell formation. However, activated PPAR␥ and CD36 expression in multiple tissues during pregnancy can enhance PPAR␥/CD36-mediated fatty acid metabolism and possibly protect the animals against microbial attack, which suggests an important physiological role of progesterone.
Experimental Procedures
Reagents-Progesterone was purchased from Sigma-Aldrich (St. Louis, MO). Lipofectamine TM 2000 was purchased from Invitrogen. Rabbit anti-CD36 polyclonal antibody (catalog no. NB400 -145) was purchased from Novus Biologicals (Littleton, CO). Rabbit anti-PPAR␥ polyclonal antibody (catalog no. 16643-1-AP) was purchased from Proteintech Group Inc. (Chicago, IL). Rabbit anti-GAPDH and PR polyclonal antibodies (catalog nos. sc-25778 and sc-539, respectively), goat anti-FABP4 polyclonal antibody (catalog no. sc-18661), FITC-conjugated goat anti-rabbit IgG, and FITC-conjugated rabbit antigoat IgG were purchased from Santa Cruz Biotechnology (Dallas, Texas). The mouse progesterone ELISA kit was pur-chased from Elabscience Biotechnology (Wuhan, China). Isolation of LDL and preparation of oxLDL were completed as described previously (44) .
In Vivo Study-The protocol for animal study was approved by the Ethics Committee of Nankai University and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. C57BL/6 wild-type mice were purchased from the Animal Center of Nanjing University (Nanjing, China). The specific macrophage PPAR␥-deficient (MPPAR␥ KO) mice and the corresponding control (PPAR␥ fl/fl ) mice were generated as described previously (45) .
To determine the effect of progesterone on CD36 expression in vivo, female PPAR␥ fl/fl mice and MPPAR␥ KO mice were intraperitoneally injected with vehicle (corn oil) or progesterone solution in corn oil (1 mg/mouse) for 4 consecutive days. Mice were then sacrificed in a CO 2 chamber 1 day after the last progesterone injection, followed by collection of individual tissue samples and determination of protein expression by Western blotting.
To investigate whether progesterone can play a physiological role for gestation by activating CD36 and PPAR␥ expression, female C57BL/6 wild-type mice in estrus were mated with adult male mice overnight and examined for the appearance of a vaginal plug in the following morning, which was defined as day 0 of pregnancy (P0). The mice were sacrificed on P11 or P17. Blood, adipose tissue, skeletal muscle, and peritoneal macrophages were collected, followed by isolation of serum and extraction of total protein and RNA, respectively. Serum progesterone levels were determined using the progesterone ELISA assay kit. Expression of protein and RNA in tissue samples was determined by Western blotting and real-time RT-PCR, respectively.
Cell Culture-J774 and RAW cells were purchased from the ATCC (Manassas, VA) and cultured in complete RPMI 1640 medium (without phenol red) containing 10% hormone-free (dextran-coated, charcoal-treated) FBS and 50 g/ml penicillin/streptomycin. The cells were switched to serum-free medium at ϳ90% confluence for 2 h, followed by treatment.
Peritoneal macrophages were collected from female mouse abdomen by lavage with PBS. The cells were cultured in complete RPMI 1640 medium (hormone-and phenol red-free) for 2 h, and then all floating cells were removed. The adhesive cells, which were determined as macrophages by immunofluorescent staining with anti-MOMA2 (a marker for macrophages) antibody, were cultured in complete RPMI 1640 medium for another 2 days and then received treatment in serum-free medium.
Western blotting, FACS, and Immunofluorescent Staining-After treatment, cells were washed with PBS and lysed in icecold lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1 mM PMSF, 50 mM sodium fluoride, 1 mM sodium orthovanadate, and 50 g/ml aprotinin/ leupeptin). After extraction, total cellular proteins were used to determine CD36, PPAR␥ or FABP4 protein expression by Western blotting as described previously (46) .
To analyze cell surface CD36 protein levels, ϳ1 ϫ 10 6 cells from each sample were blocked for 30 min at room temperature with PBS containing 5% goat serum. After washing, cells were incubated with rabbit anti-CD36 antibody for 1 h at room temperature, followed by incubation with goat anti-rabbit FITCconjugated IgG for 45 min. After washing with PBS, cells were subjected to flow cytometric evaluation.
To determine CD36 or FABP4 expression by immunofluorescent staining, mouse peritoneal macrophages were cultured on coverslips in a 24-well plate. After treatment, cells were washed twice with PBS and then fixed with 4% paraformaldehyde for 30 min at room temperature. The cells were washed twice with PBS and then blocked with 2% BSA for 2 h at room temperature, followed by incubation with anti-CD36 rabbit or anti-FABP4 goat polyclonal antibody overnight at 4°C. After the primary antibody was removed by washing with PBS for 30 min, cells were incubated with FITC-conjugated goat anti-rabbit IgG or rabbit anti-goat IgG for 2 h at room temperature. After washing with PBS, the coverslips were stained with DAPI solution for determination of nuclei. The coverslips were observed, and the images were photographed with a fluorescence microscope.
Real-time RT-PCR-After treatment, cells were lysed in RNAzol TM B (Tel-Test, Inc.). The lysate was mixed well with chloroform and centrifuged for 10 min at 12,000 rpm at 4°C. The top aqueous phase was collected and mixed with an equal volume of isopropanol to precipitate total cellular RNA. The cDNA was synthesized with 1 g of total RNA using a reverse transcriptase kit purchased from New England Biolabs (Ipswich, MA). Real-time PCR was conducted using SYBR Green PCR Master Mix (Bio-Rad) and the following primers: CD36, 5Ј-TTTCCTCTGACATTTGCAGGTCTA-3Ј (forward) and 5Ј-AAAGGCATTGGCTGGAAGAA-3Ј (reverse); PPAR␥, 5Ј-T-GACTTGAACGACCAAGTAACTC-3Ј (forward) and 5Ј-CTAGTACAAGTCCTTGTAGATCTC-3Ј (reverse); and GAPDH, 5Ј-ACCCAGAAGACTGTGGATGG-3Ј (forward) and 5Ј-ACACATTGGGGGTAGGAACA-3Ј (reverse). CD36 or PPAR␥ mRNA expression was normalized by GAPDH mRNA in the corresponding sample.
Oil Red O Staining-Mouse peritoneal macrophages were plated on coverslips in a 24-well plate. After treatment, cells were incubated with rabbit anti-CD36 polyclonal antibody or normal rabbit IgG (0.3 g/sample) for 1 h. Cells were then incubated with 50 g/ml oxLDL for 3 h, fixed with 4% paraformaldehyde for 30 min, washed twice with PBS, and stained with Oil Red O solution (0.3% Oil Red O in 60% isopropanol) for 50 min at room temperature, followed by washing twice with water. Cells were then restained with hematoxylin solution for 30 s, kept in water for 5 min, and photographed with a microscope (Leica, DM5000B).
Determination of Promoter Activity-The natural mouse PPAR␥ promoter (pPPAR␥, from Ϫ670 to ϩ247), including the PRE (AGAGCAtggTGCCTT, locates from ϩ36 to ϩ50; the conserved sequence of PRE is RGNACAnrnTGTNCY (R/r ϭ G/A, Y ϭ T/G)) was generated by PCR with mouse genomic DNA and the following primers: forward, 5Ј-CACGCTCGAG-TTTGGATAGCAGTAAC-3Ј; reverse, 5Ј-ACGTAAGCTTT-AGGGTTCTATGCTGA-3Ј. After the sequence was confirmed, the PCR product was digested with XhoI and HindIII followed by ligation into the pGL4 luciferase reporter vector, transformed, and amplified. The promoter with the PRE muta-tion (pPPAR␥-PREmut) was constructed with pPPAR␥ DNA and the following primers with PRE mutation: pPPAR␥-PREmut forward, 5Ј-cctgttgacccTAAGTAtcgCACCTGcgctgatgc-3; pPPAR␥-PREmut reverse, 5Ј-gcatcagcgCAGGTG-cgaTACTTAgggtcaacagg-3Ј. The letters in italic are mutated nucleotides in the PRE of PPAR␥.
A tandem of three copies of the consensus PPRE in the mouse CD36 promoter (pGL-3xPPRE-TK-Luc) was constructed with the pGL-TK-Luc plasmid (Clontech) with the following oligonucleotides: forward, 5Ј-CAAATGTAGGTGAT-GGGTCTTCACCAGGTGATGGGTCTTCACCAGGTGAT-GGGTCTTCACC-3Ј; reverse, 5Ј-GGTGTAGACCCATCAC-CTGGTGAAGACCCATCACCTGGTGAAGACCCATCAC-CTACATTTG-3Ј. The underlined sequence is the PPRE or DR1 (the direct repeated hexanucleotides were separated by one of any nucleotide) in the CD36 promoter.
All constructs were verified by sequencing. To analyze PPAR␥ promoter or CD36 3xPPRE promoter activity, ϳ95% confluent J774 cells in 48-well plates were transfected with DNA for the promoter and Renilla (for internal normalization). After 4-h transfection, the transfected cells received treatment overnight. Cells were then lysed, and the cellular lysate was used to determine the activity of firefly and Renilla luciferases using the Dual-Luciferase reporter assay system (Promega, Madison, WI).
ChIP Assay-After treatment, cells were cross-linked by addition of formaldehyde and sonication in lysis buffer (50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.1% sodium deoxycholate, 0.1% SDS and protease inhibitors of aprotinin/leupeptin) to fragment DNA into an average size of 500 -1000 bp. The input PCR was conducted with DNA extracted from the sonicated chromatin after reversal of the cross-linking. Based on the input, immunoprecipitation was conducted with the same amount of chromatin from each sample and rabbit anti-PR polyclonal antibody, followed by PCR. The primers for PRE (from ϩ36 to ϩ50) ChIP assay were as follows: forward, 5Ј-AAGCTCGATGACCATAAGCC-TTT-3Ј; reverse, 5Ј-AAGCATCCCTTGCAGCAACA-3Ј.
Data Analysis-All experiments were repeated at least three times, and representative results are presented. The data are presented as mean Ϯ S.E., and the statistical results were obtained by Student's t test using Prism (GraphPad Software). The differences were considered significant at p Ͻ 0.05.
